In addition to the well-known light-driven outward proton pumps, novel ion-pumping rhodopsins functioning as outward Na 
that successful functional conversions of these ion pumps are achieved exclusively when mutagenesis reverses the evolutionary amino acid sequence changes. Dependence of the observed functional conversions on the direction of evolution strongly suggests that the essential structural mechanism of an ancestral function is retained even after the gain of a new function during natural evolution, which can be evoked by a few mutations. By contrast, the gain of a new function needs accumulation of multiple mutations, which may not be easily reproduced by limited mutagenesis in vitro.
Animal and microbial rhodopsins are photoreceptive proteins, which use retinal as their chromophore. The main function of several groups of microbial rhodopsins is light-driven ion transport across cellular membranes (1) . In the last decade, these proteins became powerful tools in neuroscience, where they are used to control neural activity of animals by light (socalled "optogenetics") (2, 3) . Bacteriorhodopsin (BR) 2 and HR, the first ion-transporting rhodopsins, were discovered in 1971 and 1977, respectively, from halophilic archaea (4, 5) . Since 2000, genomic and metagenomic sequencing revealed that microbial rhodopsins are widely distributed among marine and freshwater bacteria, most of which were classified as lightdriven H ϩ pumps (proteorhodopsins and xanthorhodopsins, PR and XR) ( Fig. 1) (6, 7) . In addition, eubacterial light-driven Na ϩ and Cl Ϫ pumps have been discovered recently ( Fig. 1 ) (8 -10) , with the former forming a new functional class and the latter not being related to haloarchaeal HRs. These pumps are interesting not only from biophysical and biochemical point of view, but also for evolutionary and environmental microbiology and optogenetic applications. Recent structure determination of a light-driven Na ϩ pump Krokinobacter eikastus rhodopsin 2 (KR2) accelerated our understanding of ion selectivity, and K ϩ pump was engineered based on that structure (11, 12) .
Functional interconversion of homologous proteins by sitedirected mutagenesis is a powerful tool to understand molecular mechanisms of their functions. The first example of successful functional conversion of microbial rhodopsins is when BR was converted into an HR-like Cl Ϫ pump by a single amino acid replacement (13, 14) . The conserved functional helix C motifs for BR and HR are DTD and TSA, respectively. In BR, Asp-85 (the first Asp in the DTD motif) is the H ϩ acceptor from the protonated Schiff base during H ϩ pumping (1) , and when Asp-85 is mutated to Thr, the corresponding amino acid in HR, D85T BR pumps Cl Ϫ inwards, identical to HR (13, 14) . This observation implied that BR and HR share a common transport mechanism, and its selectivity is determined at the position of primary proton acceptor (Asp-85 in BR). While this was a clearcut result, the respective reverse mutation (Thr 3 Asp) did not convert HR into a H ϩ pump (15, 16 whether a limited number of mutations can achieve functional interconversion between eubacterial pumps.
Experimental Procedures
Gene Construction, Protein Expression, and Purification-KR2 and FR genes whose codons were optimized for Escherichia coli expression system were synthesized (Eurofins Genomics Inc.) and subcloned into a pET21a(ϩ)-vector with C-terminal 6ϫHis-tag (10) . A plasmid vector of GR with the additional C-terminal 6ϫHis-tag was constructed as described previously (18) . For mutagenesis, a QuikChange site-directed mutagenesis kit (Stratagene) was used according to the standard protocol. Wild-type and mutant proteins were expressed in E. coli C41(DE3) strain. The protein expression was induced by 0.21 mM isopropyl ␤-D-thiogalactopyranoside (IPTG) for 4 h at 37°C with the supplement of 10 M all-trans-retinal (SigmaAldrich) to the culture. For the measurement of Cl Ϫ dependence of absorption spectra, the expressed proteins were purified from E. coli cells according to the previously reported protocols (8, 17) . The cells were disrupted by French Press (Ohtake), and the membrane fraction was collected by ultracentrifugation (125,000 ϫ g, 1 h). The protein was solubilized with 2% n-dodecyl-␤-D-maltoside (DDM) (Anatrace) in the presence of 300 mM NaCl, 5 mM imidazole, and 50 mM MES (pH 6.5). After Co 2ϩ -NTA affinity chromatography, the collected fractions were dialyzed to the solution containing 100 mM NaCl, 50 mM Tris-HCl (pH 7.0), 0.02% DDM to remove imidazole used for elution from the column.
Assay of Light-driven Pump Activity of Rhodopsins in E. coli Cells-E. coli expressing rhodopsins were harvested by centrifugation (3,600 ϫ g, 3 min), washed three times and resuspended in the aqueous solvent containing 100 mM salt (NaCl, CsCl, or Na 2 SO 4 ). 7.5 ml of cell suspension at OD 660 ϭ 2 was placed in the dark and then illuminated at Ͼ 500 nm by a 1-kW tungsten-halogen projector lamp (Rikagaku, Japan) through a glass filter (Y-52, AGC Techno Glass, Japan). The light-induced pH changes were measured by a pH electrode (HORIBA, Japan). FIGURE 1. Light-driven ion-pumps in eubacteria and their transport activity. a, eubacterial rhodopsins contain DTE, NDQ, and NTQ motifs for H ϩ , Na ϩ , and Cl Ϫ pumps, respectively. b, motifs in GR, KR2, and FR based on the structure of XR (left, PDB ID: 3DDL) and KR2 (middle, right, PDB ID:3X3C). c, ion pumping activity assayed by pH changes. Light-driven H ϩ pump shows pH decrease in the presence of any ions, which is diminished by a protonophore CCCP. In contrast, Na ϩ and Cl Ϫ pumps cause pH increase, which is enhanced by CCCP. Light-driven Na ϩ and Cl Ϫ pumps are distinguished by their cation-and anion-dependent transport, respectively.
Quantification of Rhodopsins Expressed in E.
coli-To quantify the expressed rhodopsin in E. coli cell used for pump activity assay, the same amount of cells used for pump activity assay was collected by low-speed centrifugation at 3,600 ϫ g and 4°C and suspended in the solution containing 100 mM NaCl, 50 mM Tris-HCl (pH 8.0), to a final volume of 3 ml. Then, 200 l of 1 mM lysozyme was added to the suspension and it was gently stirred at room temperature for 1 h. The E. coli cells were disrupted by sonication (TAITEC, Japan) and solubilized in 3.0% DDM. The absorption change, representing the bleaching of rhodopsin by hydroxylamine (HA), was measured with a UVvis spectrometer (Shimadzu, Japan) equipped with an integrating sphere after the addition of HA (100 mM NaCl, 50 mM TrisHCl (pH 8.0)) to a final concentration of 500 mM HA and illumination at Ͼ 500 nm by a 1-kW tungsten-halogen projector lamp (Rikagaku, Japan) through a glass filter (Y-52, AGC Techno Glass, Japan). The molecular extinction coefficient of rhodopsin (⑀) was calculated from the ratio between the absorbance of rhodopsin and retinal oxime (⑀ ϭ 33,600 M Ϫ1 cm Ϫ1 at 360 nm) produced by the reaction between retinal Schiff base and HA (19) . Molar extinction coefficients and absorption maxima wavelengths of each mutant are shown in Figs. 3, 4 , and 5. The amount of rhodopsin expressed in E. coli cells was determined by the absorbance of the bleached rhodopsin and the value of ⑀, which is shown in Figs. 3, e, h; 4, e, h; 5, e and h. The transport activity of E. coli cells containing each rhodopsin was quantitatively determined from the initial slope of pH change after normalizing the expression level of protein, which is summarized in Fig. 6 .
Chloride Titrations-To measure the Cl Ϫ -concentration dependence of absorption spectra of rhodopsins, the proteins were dialyzed to the solution containing 0.1% DDM and 20 mM HEPES (pH 7.0). NaCl was added to the sample and UV-visible absorption spectra were measured with a UV-vis spectrometer (JASCO, Japan) equipped with an integrating sphere at various Cl Ϫ -concentrations.
Laser Flash Photolysis-The transient absorption change after the photo excitation of the rhodopsins were investigated by laser flash photolysis method (8, 11) . The purified rhodopsin was reconstituted into the lipid bilayer of the mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1Ј-rac-glycerol) (POPG) (molecular ratio: POPE:POPG ϭ 3:1) with the protein-to-lipid molecular ratio of 1:20 at 2-4 M protein con- 
, and H ϩ % Cl Ϫ (e, f), respectively. Blue and green traces represent pH changes upon illumination in the absence and presence of CCCP, respectively. All measurements are performed in the presence of 100 mM NaCl (pH ϳ7.0). The KR2 DTE mutant shows H ϩ pumping activity, indicating a successful Na ϩ 3 H ϩ pump conversion by the motif mutation (a). All other mutants exhibit no pumping activities (b-f).
centration. The reconstituted sample was suspended in 100 mM NaCl, 20 mM HEPES-NaOH (pH 7). The sample solution was illuminated with a second harmonics generation of nanosecond pulsed Nd 3ϩ -YAG laser ( ϭ 532 nm, INDI40, Spectra-Physics, CA) with the pulse energy of 3.8 mJ/cm 2 pulse. The transient absorption spectrum of rhodopsin after the laser excitation was obtained by measuring the intensity of white light passed through the sample before and after laser excitation at ϭ 350 -750 nm with an ICCD linear array detector (C8808 -01, Hamamatsu, Japan). To increase signal-to-noise ratio, 90 identical spectra were averaged and singular-value-decomposition (SVD) analysis was applied (8) .
Phylogenic Analysis of Rhodopsin Genes-The amino acid sequences of rhodopsins were aligned using MUSCLE program (20) after the removal of weakly conserved interhelical loop, and N-and C-terminal extensions to increase the accuracy of alignment. The evolutionary history was inferred using the Neighbor-Joining method (21) . The optimal tree with the sum of branch length ϭ 23.00061278 was obtained. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) were calculated (22) . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (23) and are in the units of the number of amino acid substitutions per site. The analysis involved 128 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 105 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (24) .
Results and Discussion
We selected Gloeobacter rhodopsin (GR) (18) , Krokinobacter eikastus rhodopsin 2 (KR2) (8) , and Fulvimarina rhodopsin (FR) (10) as the representatives of H ϩ , Na ϩ , and Cl Ϫ pumps, respectively. The amino acid identity is 26% between GR and KR2, 33% between GR and FR, and 33% between KR2 and FR (see supplemental Table S1 for all amino acid sequences). It should be noted that the eubacterial H ϩ , Na ϩ , and Cl Ϫ pumps possess the highly conserved DTE, NDQ, and NTQ motifs in the helix C, respectively (Fig. 1, a and b) , positions of which correspond to Asp-85, Thr-89, and Asp-96 in BR (25) . As these motifs are likely to determine the function, we first examined functional conversions by altering them. Note that two, three, and one mutation(s) are needed for H ϩ % Cl Ϫ , H ϩ % Na ϩ , and Na ϩ % Cl Ϫ , respectively. It should be also noted that a lightdriven Na ϩ pump KR2 acts as a H ϩ pump in the presence of larger cations (8) . Therefore, we define the Na ϩ 3 H ϩ pump conversion for the KR2 mutants as successful if it pumps H ϩ even in 100 mM NaCl.
To verify function of each rhodopsin mutant, the proteins were overexpressed in E. coli (C41 (DE3) strain) and light-in- pumps by the pH monitoring system is summarized in Fig. 1c . A cell suspension of E. coli expressing H ϩ pump shows acidification of external medium (pH decrease) upon illumination by the outward transport of H ϩ irrespective of the ionic species contained in the solvent, and the signals are diminished in the presence of a protonophore, carbonylcyanide m-chlorophenylhydrazone (CCCP) (Fig. 1c, left panel) . In contrast, a cell suspension of E. coli expressing Na ϩ pump or Cl Ϫ pump shows alkalinization (pH increase) upon illumination, because of secondary H ϩ -uptake occurs to compensate the increased negative membrane potential inside the cells. The signals are further enhanced in the presence of CCCP, because the observed pH changes originate from secondary H ϩ movement due to cation or anion transport. Analysis of ion dependence is used to distinguish cation and anion pumps. Na ϩ pump KR2 is converted to H ϩ pump in the solvent containing the salt of larger cations such as CsCl, while it pumps Na ϩ outwards in Na 2 SO 4 (Fig. 1c,  middle panel) . On the other hand, while Cl Ϫ pump FR transports Cl Ϫ ion in the solution containing NaCl or CsCl, it does not transport larger anions such as SO 4 2Ϫ , and no alkalization occurs in the solution of Na 2 SO 4 (Fig. 1c, right panel) . Thus, comparison of signals in NaCl, CsCl, and Na 2 SO 4 allows distinguishing between the transported ions. Fig. 2 shows the results of functional conversion experiments performed by the replacement of the characteristic helix C motifs. Among the six functional conversions, only one conversion was achieved, from Na ϩ to H ϩ pump (Fig. 2a) . This may be consistent with the fact that Na ϩ -pumping KR2 transports H ϩ in the presence of larger cations (8) , suggesting that KR2 retained the molecular machinery of H ϩ pump in its structure. On the other hand, none of the other motif-altering mutations achieved functional conversion (Fig. 2, b-f) . Thus, we introduced additional plausible mutations based on the sequence comparisons outside of the conserved helix C motifs.
Figs. 3, 4, and 5 summarize the results of functional conversions between H ϩ , Na ϩ , and Cl Ϫ pumps which used such additional mutations. Fig. 3a shows the improvement of the Na ϩ 3 H ϩ pump conversion. Even though the DTE KR2 mutant pumps protons (Fig. 2a) , the efficiency of transport estimated from the initial slope of pH change is very low (0.42% of that of GR, Fig. 6a ). We found that the DTD KR2 mutant pumps better (0.79%, Fig. 6a ), and the transport was more efficient in Cs ϩ than in Na ϩ (Fig. 3a) . The latter may be related to the fact that KR2 possesses Na ϩ binding site at the extracellular surface (8), which inhibits outward H ϩ pumping only in Na ϩ . As Asp-102 constitutes the Na ϩ binding site (11, 12) , we replaced this residue, and the DTE/D102N and DTD/D102N KR2 mutants exhibited similar H ϩ pumping activities in NaCl and CsCl (3.0 and 5.6% of GR, respectively, Fig. 6a ). The functional conversion of Na ϩ 3 H ϩ pump is thus achieved by 4 mutations. In contrast, the reverse motif mutation for H ϩ 3 Na ϩ pump conversion (DTE to NDQ) has not worked (Fig. 2b) , which may be related to the fact that the NDQ GR mutant looks blue ( max ϭ 607 nm, Fig. 3f ) (i.e. exists in the non-transporting acidic form). This suggests that Asp in the NDQ motif of this mutant is protonated and does not act as the Schiff base counterion and proton acceptor as required for sodium transport (8, 26, 27) . We introduced additional mutations to the NDQ GR mutant, to change the color from blue ( max Ͼ 600 nm) to purple ( max Ͻ 560 nm) and make the Schiff base proton acceptor functional. Fig. 3b shows clear color changes for the NDQ/I83S/H87L ( max ϭ 555 nm, Fig. 3f ), NDQ/I83S/Y88L ( max ϭ 556 nm, Fig. 3f) , and NDQ/I83S/ H87L/Y88L ( max ϭ 557 nm, Fig. 3f ) GR mutants, where mutations were introduced near the Schiff base region. However, despite the presence of the required ion-pair (Schiff base and counterion), these mutants do not pump Na ϩ (Fig.  3b) . We conclude that functional interconversion for H ϩ % Na ϩ pair is asymmetric, where even 6 mutations are not sufficient for the H ϩ 3 Na ϩ pump conversion. (Fig. 2c) . It is indeed the case, as the NTQ/D102N KR2 
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mutant exhibits light-induced pH increase in NaCl and CsCl, but not in Na 2 SO 4 (Fig. 4a) . This is characteristic for Cl Ϫ pumps, and in line with this, Fig. 7b shows absorption changes of the NTQ/D102N KR2 mutant upon Cl Ϫ binding. Thus, a double mutation (NTQ/D102N) is sufficient for converting KR2 into a Cl Ϫ pump. The pumping activity is further enhanced by introducing F72G mutation, which is highly conserved near the Schiff base region, and the NTQ/F72G/D102N KR2 mutant pumps Cl Ϫ with the 3.4% efficiency of that in FR (Figs. 4a and  6b) . NTQ/F72G/D102N KR2 mutant also showed color change upon Cl Ϫ binding (Fig. 7c ). To make a reverse Cl Ϫ 3 Na ϩ pump conversion possible, we searched for additional mutations outside of the conserved motif, based on the sequence differences ( Fig. 4b) and structure of KR2. However, none of these mutants showed any ion transport (Fig. 4b) . Thus, while Na ϩ 3 Cl Ϫ pump conversion was successful, the reverse Cl Ϫ 3 Na ϩ pump conversion could not be achieved, once again showing an asymmetric interconversion.
Finally, the H ϩ % Cl Ϫ interconversion was examined with additional mutations, as the motif replacement mutations (DTE % NTQ) were not sufficient for successful functional conversions (Fig. 2, e and f) . The NTQ GR mutant looks blue ( max ϭ 567 nm) (Fig. 2e) , suggesting that the protein does not bind Cl Ϫ in 100 mM NaCl. Therefore, we introduced additional mutations to the NTQ GR mutant to improve Cl Ϫ binding, as assayed by change of the color from blue ( max Ͼ 560 nm) to purple ( max Ͻ 560 nm) under these conditions. Fig. 5a shows that several mutants exhibit color changes, suggesting FR-like Cl Ϫ binding (10) . Nevertheless, none of these mutants transported any ions (Fig. 5a ). Using titrations of purified proteins, we found that Cl Ϫ binding does not take place, as shown for GR NTQ/I83S/H87S/D115N/F265S, which showed only small nonsystematic absorption change probably representing unspecific interaction between the protein and ions (Na ϩ and/or Cl Ϫ ) (Fig. 7d) . Thus, the color changes were caused by the mutations themselves and not by Cl Ϫ binding, which explains the lack of ion transport. We then tried to optimize functional conversion from Cl Ϫ to H ϩ pump. Gly-263 of Na ϩ pump KR2 is a key residue for Na ϩ uptake, whose modification leads to K ϩ pumping (11, 12) . The corresponding amino acids are S and F for FR and GR, respectively, which may be important for ion specificity of each pump. Indeed, Fig. 5b shows that the DTE/S255F FR mutant functions as an outward H ϩ pump whose relative activity is 11% of wild type GR (Fig. 6a) . We thus conclude that functional interconversion for the H ϩ % Cl Ϫ pair is asymmetric as well, where an additional mutation outside of the conserved motif converted Cl Ϫ into H ϩ pump, but four additional mutations were not sufficient for the H ϩ 3 Cl Ϫ pump conversion.
In this study, three types of functional conversion were succeeded in (Na ϩ 3 H ϩ , Na ϩ 3 Cl Ϫ , and Cl Ϫ 3 H ϩ ) with an additional mutation to motif exchange. To investigate their transport mechanism and compare it with natural pumps, the photocycles of these functionally converted mutants were studied by laser flash photolysis. The transient absorption changes of KR2 DTE/D102N, KR2 NTQ/F72G/D102N, and FR DTE/ S255F were shown in Fig. 8 . While wild type KR2 shows small amount of accumulation of the M-intermediate at ϭ 400 nm equilibrating with the L (8), KR2 DTE/D102N showed higher M-accumulation than wild type (Fig. 8a) . This large accumulation of M is characteristic feature of the photocycle of many H ϩ pump rhodopsins including GR (18, 28) . The similar high accumulation of M-intermediate was observed for FR DTE/S255F which also converted to H ϩ pump (Fig. 8c) , in contrast to the photocycle of wildtype FR in which no M accumulation occurs (10) . Therefore, the mutants converted to H ϩ pump transports H ϩ with the photocycle similar to that of natural H ϩ pump in which higher M accumulation occurs by the H ϩ transfer from retinal Schiff-base to the neighboring aspartate residues. On the other hand, the photocycle of KR2 NTQ/F72G/D102N showed no M-intermediate and red-shifted photo-intermediates (K and O) were dominantly observed (Fig. 8b) . For natural Cl Ϫ pump, the photocycles of HR and FR are significantly different, that is, the former and latter mainly consist of blueshifted L-intermediate (29, 30) and red-shifted K or O-intermediates (10), respectively. The photocycle of KR2 NTQ/F72G/ D102N resembles to that of wild type FR which contains the same NTQ-motif. Therefore, KR2 NTQ/F72G/D102N transports Cl Ϫ with the identical mechanism to FR rather than HR with TSA-motif. The time constants of initial state recovery of these mutants (KR2 DTE/D102N: 251 ms, KR2 NTQ/F72G/ D102N: 282 ms, FR DTE/S255F: 160 ms) were longer than wildtype GR (140 ms) (18) and FR (20.4 ms) (10) . Therefore, a part of the reason of lower efficiencies of the mutants compared with natural pumps is considered to be its slower turnover rate (photocycle recovery) and more amino acid mutations would be required for the optimization of faster turnover rate.
The asymmetric results of functional conversions among the light-driven retinal-binding pumps are summarized in Fig. 9a . In principle, mutations of key residues may destabilize proteins, leading to non-functional species which lost their original function but have not gained a new one. However, we achieved three functional conversions by a very limited number of mutations. Interestingly, only one functional conversion in each pair of proteins was possible, whereas the reverse conversions did not work. We discuss the observed asymmetry of the interconversions from the evolutionary viewpoint. Fig. 9b shows phylogenetic tree of microbial rhodopsins. Based on the conserved helix C motif, eubacterial rhodopsins can be classified into DTX (H ϩ pumps; X is mostly E), NTQ (Cl Ϫ pumps), and NDQ (Na ϩ pumps) rhodopsins, which are distinct from haloarchaeal DTD (BR; H ϩ pumps) and TSA (HR; Cl Ϫ pumps) rhodopsins. Fig. 9c focuses on eubacterial rhodopsins, whose phylogenetic subtree strongly suggests that the origin of eubacterial rhodopsins is an H ϩ pump, from which Cl Ϫ pumps emerged, followed by the appearance of Na ϩ pumps. Comparison of Fig. 9 , a and c shows that successful functional conversions are attained exclusively when the mutagenesis tries to reverse the course of evolution, but not when it follows the evolutionary direction. Dependence of the observed functional conversions on the direction of evolution strongly suggests that the essential elements of an ancestral function are retained even after the gain of a new function, while the gain of a new function needs accumulation of multiple mutations, which may not be easily reproduced by limited mutagenesis in vitro.
It should be noted that the asymmetry of functional interconversion between eubacterial H ϩ and Cl Ϫ pumps (GR and FR) is opposite to that between archaeal H ϩ and Cl Ϫ pumps (BR and HR), where the H ϩ 3 Cl Ϫ pump conversion was achieved by a single amino acid replacement (13, 14) but the reverse conversion was unsuccessful (15, 16) . If success of functional conversion of ion-pumping rhodopsins depends on the direction of evolution, how can the results on the archaeal H ϩ and Cl Ϫ pumps be rationalized? Fig. 9b suggests that phylogenetic tree for BR and HR is less hierarchical than that for eubacterial pumps, with much older branching, as described in Fig 10. Thus, different molecular mechanism such as hydrogen-bonding strength of protein-bound water molecules (17) underlies asymmetric functional conversion in archaeal H ϩ and Cl Ϫ pumps. In this sense, each molecular mechanism of successful and unsuccessful functional conversions in the present study should be revealed by structural details in future.
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